Abstract: This paper presents the fibre-matrix interfacial properties of hooked end steel fibres embedded in ultra-high performance mortars with various water/binder (W/B) ratios. The principle objective was to improve bond behaviour in terms of bond strength by reducing the (W/B) ratio to a minimum. Results show that a decrease in W/B ratio has a significant effect on the bondslip behaviour of both types of 3D fibres, especially when the W/B ratio was reduced from 0.25 to 0.15. Furthermore, the optimization in maximizing pullout load and total pullout work is found to be more prominent for the 3D fibres with a larger diameter than for fibres with a smaller diameter. On the contrary, increasing the embedded length of the 3D fibres did not result in an improvement on the maximum pullout load, but increase in the total pullout work.
Introduction
Nowadays one of the main challenges that the concrete industry facing; is how to improve the tensile strength and durability of mortar and concrete (Petrone et al. 2016; Alberti et al. 2014 ). The addition of randomised short fibres into mortar has shown to be capable of controlling crack progression as well as resisting tensile stresses (Adjrad et al 2016; Hwang et al. 2016; El-Mal et al. 2015; Sorensen et al. 2014; Islam and Alam 2013a, b; Romualdi et al. 1968) . The efficiency of fibres in transferring applied stresses is greatly dependent on the fibre-matrix interface properties of fibre reinforced concrete (FRC) (Abdallah et al. 2016; Dinh et al. 2016; Lu et al. 2016; Tadepalli et al. 2015) . Therefore, the bond-slip characteristics play a crucial role in controlling the tensile behaviour of FRC (Li and Liu 2016; Srikar et al. 2016; Bentur et al. 1995) .
To improve the bonding strength of fibre and matrix interfaces, a number of modifications may be adopted. The densification of interfacial transition zone (ITZ) (Chan and Li 1997) by (a) increasing the fineness of materials particles (Wille and Naaman 2013) , (b) reducing water/binder ratio (W/B) (Beglarigale and Yazıcı 2015; Beygi et al. 2013; Markovic 2006) , (c) using pozzolanic materials such silica fume and quartz powder (Shaikh et al. 2016; Abbas et al. 2016; Chan and Chu 2004) , (d) optimising surface properties through chemical treatment to increase adhesion or enhance surface roughness (Wille and Naaman 2013) and use of deformed fibres, such as corrugated fibre and hooked end fibre is a very efficient in improving bond properties and mechanical properties due to mechanical anchorage (Wu et al. 2016; Wille and Naaman 2012) . One of the most recommended methods to investigate the bond characteristics is through single fibre pullout test (Laranjeira de Oliveira 2010). The test configuration is able to simulate the realistic case of cracking bridging by fibres in a FRC element (joo Kim, 2009 ). These test results could provide a comprehensive understanding on bond-slip characteristics and enable further improvement to fibre-matrix interfacial properties (Wille and Naaman 2010) .
Ultra-high performance concrete (UHPC) mainly consists of very fine materials (less than 0.5 mm) and is designated to generate compressive strength exceeding 150 MPa (Yoo and Yoon, 2016; Shi et al. 2015; Wang et al. 2015; Wille et al. 2014) . Research concerned with incorporating various types of steel fibres in UHPC has raised significantly interests due to its ability to achieve ductile behaviour under tension (Lim and Hong 2016; Abdallah et al. 2016; Kang et al. 2016; Wille et al. 2014; Lee et al. 2010 ). Yet, for the same ingredients of UHPC a significant difference in compressive strength can be found due to different W/B ratio (Torregrosa 2014) . The great effect of W/B ratio on concrete performance may arise as a result of controlling the capillary pores which lead to increased concrete strength (Torregrosa 2014) .
Although numerous researches has been conducted to investigate the pullout behaviour of steel fibres embedded in UHPC matrix, research in the optimization of bond characteristics of UHPC is limited (Wille and Naaman 2012) .
Optimising the fibre-matrix bond characteristics in terms of bond strength is the key parameter that enhances the tensile response of UHP-FRC composites (Abdallah et al. 2016; Cunha 2010) . To further achieve the effect of fibre-matrix properties on pullout behaviour, the quality of ultra-high performance matrix could be improved by lowering W/B ratio.
The objectives of this research are first to understand the mechanisms of interfacial bonding and bond-slip characteristics of UHP-FRC composites through a comprehensive determination of the influence of various parameters, such as fibre diameter and embedded length. The research is then aimed at further reducing W/B ratio to a minimum (i.e.\0.2) and investigating its effect on pull-out behaviour with taking into account the workability and rheological properties of the fresh mixture.
Experimental Programme

Materials
The ultra-high performance fibre reinforced mortar matrix (UHP-FRM) with different W/B ratio (W/B = 0.15, 0.20 and 0.25) considered here is produced by the following ingredients: Portland cement CEM III 52.5 N confirming to BS EN 197-1; densified silica fume; fine sand (150-600) micrometres (lm); ground quartz with average particle size (10 lm); superplasticizer (TamCem23SSR), accelerator (203 accelerator and frostproofer) and water. The mix proportion adopted in this study is summarized in Table 1 . Two types of commercially available and commonly used 3Dramix hooked-end steel fibres (3DH) were used to reinforce the UHPM (Table 2 ). The geometrical properties of each fibre type are depicted in Fig. 1 and detailed in Table 2 . For each type of fibre, the fibres were electronically scanned and measurements of the end-hook geometry were acquired using the electron microscope (SUPRA 35 VP) (Fig. 2 ).
Sample Preparation
The pull-out test specimens prepared were cylinders with a diameter of 100 mm and height of 50 mm. In each test specimen, a single steel fibre was carefully placed through a hole which was made in the bottom of moulds (Fig. 3) . Three different embedded lengths L E (10, 15 and 30 mm) were investigated in this study. For compressive strength test three cubes of (100 9 100 9 100 mm) were prepared for each mixture differentiated in W/B ratio. During mortar fabrication, the components were firstly dry mixed for approximately 1 min followed by the addition of water and superplasticizer to the dry mixture, which were then mixed for 11 min. After casting and vibration, the specimens were covered with a thin polyethylene film and left for 24 h at room temperature. Then specimens were removed from their moulds and cured for a further 28 days in a conditioning chamber (20 ± 2°C, 96 ± 4% RH). The free end of the steel fibre for the pullout specimens was covered with an anti-rust coating to prevent the corrosion during the curing to occur. For all series, the test was carried out at an age of 30 ± 2 days and the average of three specimens was adopted.
Test Setup
The pull-out tests were performed using a specially designed grip system, as illustrated in Fig. 4 , which was attached to an Instron 5584 universal testing machine. The grips were designed such that the forces applied to the fibre provided a true reflection of the real situation experienced by fibres bridging a crack. The body of the gripping system was machined in a lathe using mild steel and had a tapered end to allow the insertion of four M4 grub screws (Fig. 4 ). These were then tightened around the steel fibre to an equal torque to ensure an even distribution of gripping pressure and to minimise deformation or breakage of the fibre ends. Two linear variable differential transformer (LVDT) transducers were used to measure the distance travelled by the steel fibre relative to the concrete face during testing (i.e. the pull-out distance). They were held in place using aluminium sleeves on either side of the main grip body (Fig. 4) . The LVDTs had ball bearings at the tips to allow for accurate readings on the face of the samples. The sample was secured to the Instron base using clamps with riser blocks and M16 studs. The specimen was positioned on a brass round disc to remove any discrepancies in the sample base and allow for distortion. In all pull-out tests, a displacement rate of 10 lm/ s was adopted. In order to assess and compare the pullout behaviour of the two types of hooked end steel fibres embedded in different ultra-high performance mortars (UHPMs), the following parameters are considered based on the experimental results (Wille and Naaman 2012):
• Maximum fibre tensile stress, r max that can be obtained by dividing the maximum pullout load, P max over nominal cross-sectional area of the fibre, A f .
Average bond strength, s av, can be defined as the maximum pullout load based on the initial embedment length surface area (Wille and Naaman 2013) .
where s av is the average bond strength, P max is the maximum pullout load, d f is the fibre diameter, and L E is the embedment length of steel fibre. Equivalent bond strength, s eq can be defined as the average bond strength based on the total pullout work during the entire fibre pullout (joo Kim 2009).
where s eq is the equivalent bond strength, W p is the total pullout work, d f is the fibre diameter, and L E is the embedment length of steel fibre. 
Results and Discussion
Fresh and Hardened Properties of UHPMs
To evaluate the workability and rheological properties of fresh mortars, the slump-flow test according to EN 12350-8:2010 EN 12350-8: (2010 were performed. It can be seen from Table 3 that all UHPMs mixtures had excellent rheological and self-compacting properties (Fig. 5) . However, the reducing of W/B ratio leads to a decrease in slump-flow diameter (SFD), while time to reach 500 mm spread (T 500 ) is increased. This is in agreement with other results reported by (Deeb et al. 2012 ). The average compressive strength was remarkably enhanced for all UHPMs by decreasing W/B ratio (Table 3) . This indicates that an excessive water in the matrix may result in adverse effect on the formulation of microstructure and hence the property of the concrete.
Effect of Water/Binder Ratio on Pullout Behaviour
The average pullout load-slip curves of the two types of 3D hooked end steel fibres embedded in ultra-high performance mortar matrix with three different water/binder ratios (W/ B = 0.15, 0.20, 0.25) are presented in Figs. 6 and 7. The maximum pullout load and the total pullout work (the area under the pullout curve) of both types of hooked end fibres increase as the W/B ratio decreases (Table 4) . It can also be seen from the curves that decreasing W/B ratio from 0.25 to 0.15 remarkably enhances the maximum pullout load and pullout work. However, for 3DH1 fibre with L E (15 mm) and On the other hand, the pullout response of both types of fibres exhibit somewhat different slip behaviour before the second drop of the pullout load. As can be seen in Figs. 6 and 7, the slip capacity of both fibres noticeably increases when W/B ratio decreases. It has been found that the decease of W/B ratio not only increases the maximum pullout load but also effectively enhances the D peak (Table 4 ). This effect may be attributed to the significant improvement in the fibrematrix interfacial properties in term of bond strength. Furthermore, a significant difference in the total pullout work can be observed due to different slip capacities.
For the 3DH2 fibre with embedded length of 10 mm, the maximum pullout load is increased by 38.88%, while the corresponding increase for 3DH1 fibre is only 16.75%, when W/B ratio decreased from 0.25 to 0.15. In contrast, the decrease of W/B ratio from 0.25 to 0.20 the maximum pullout load of the 3DH2 fibre with embedded length of 30 mm is only increased by 1.41%, while for the 3DH1 fibre with embedded length of 15 mm it is decreased by 4.41%. This indicates that the decrease W/B ratio from 0.25 to 0.20 does not offer any improvement in maximum pullout load. On the other hand, the improvement in total pullout work due to decrease in W/B ratio is relatively more significant than that in maximum pullout load for both types of fibres with L E (10 mm). The total pullout work is increased by 52.11 and 25.9% for 3DH2 and 3DH1 fibres, respectively when W/B decreased from 0.25 to 0.15 (Table 4) . These results are directly related to significant improvement in bond strength which increases the consumed energy during the pullout process. Beglarigale et al. (Beglarigale and Yazıcı 2015) have also reported the similar results. It has been found that increasing the W/B ratio of the reactive powder concrete (RPC) mixture from 0.2 to 0.3, 0.4, 0.5, and 0.6, leads to decrease the maximum pull-out load values by 0-8, 17-20, 37-47, and 43-53%, while, the corresponding decrease in the total pullout work is 6-16, 4-20, 37-46, and 38-49%, respectively. According to Fig. 8 , it can be seen that the average and equivalent bond strength are remarkably increase due to the decrease in W/B ratio. However, the great effect of decreasing W/B ratio is found to be optimal at the W/B ratio of 0.15, which has the highest values for both the average and equivalent bond strength. The significant enhancement in bond strength due to a decrease in W/B ratio from 0.25 to 0.15 may help to explain the noticeably high values of pullout load and total pullout work. For the 3DH2 fibre with embedded length of 10 mm, the average and equivalent bond strength are increased by 38.84 and 52.28%, respectively, whereas for the 3DH1 fibre it only increased by 25.83 and 16.82%, respectively, when W/B ratio decreased from 0.25 to 0.15. Figure 9 shows the images of fibres after pullout tests with various W/B ratios. It can be seen that the end hook of both types of fibres was somehow straightened, with those pulled out from the matrix with the W/B ratio of 0.15 being more straight compared with those in matrix with other W/B ratios. The reason for this behaviour may be explained by the enhancement of the fibre-matrix interfacial properties. This was also confirmed by the remarkable improvement in pullout behaviour, equivalent bond strength and average bond strength (Table 4) . Although the fibres embedded in the matrix with 0.20 and 0.25 W/B ratios were completely deformed, the full straightening of their end hook did not occur. Nevertheless, the straightening of the end hook of both types of fibres embedded in matrixes with 0.20 and 0.25 W/B ratios are similar. This reinforces the conclusions that the decreasing W/B ratio from 0.25 to 0.20 may not improve the interfacial bond characteristics as in case of 0.15 W/B.
The tensile stress induced in fibre or the maximum fibre stress is then interpreted and summarized in Table 4 and Figs. 6 and 7. Although the values of induced stress in both types of fibres are comparable in matrixes with 0.20 and 0.25 W/B ratios, a significant improvement in the maximum fibre stress was achieved for all fibres in matrix with 0.15 W/ B ratio. The maximum fibre stress of the 3DH2 fibre with embedded length of 10 mm is increased by 25.41%, while for the 3DH1 fibre only 5.90% when W/B ratio decreases from 0.25 to 0.20. However, a further decrease in W/B ratio to 0.15 leads to remarkable increase in the maximum tensile stress about 38.58, and 16.68% for the 3DH2 and 3DH1 fibres, respectively. This represents an utilisation of about 64 and 67% of extra tensile capacity of these fibres, respectively.
Effect of Fibre Embedment Length on Pullout Behaviour
In order to evaluate the influence of embedment length of hooked end steel fibres on pullout behaviour, two different embedded lengths (L E ) for each type of fibres have been considered in this study. For the 3DH1 fibre, the embedment length investigated is 10 and 15 mm, while that for the 3DH2 fibre is 10 and 30 mm.
Overall, both types of fibres showed extremely similar pullout behaviour but difference in maximum pullout load and pullout work (Figs. 6, 7) . It is apparent that the increase of embedment length has no great effect on the maximum pullout load but it relatively increases the total pullout work. This can be explained by the slightly higher maximum pullout load was observed for both types of fibres in 0.20 W/ B ratio series with an embedded length of 10 mm than those of 15 and 30 mm (Table 4) . This is also in accordance with the results of other researchers (Markovic 2006; Van Gysel 2000) .
On the other hand, since the measured lengths (L 1 ? L 2 ) of the end hook of the 3DH1 and 3DH2 fibres were approximately 4.80 and 5 mm (Table 2) , respectively. It is believed that an embedment length of 10 mm which is roughly twice of the length of the end hook is efficient to achieve full mobilization and straightened end hook. This indicates that the pullout behaviour is drastically governed by the hook component and increasing in embedment length does not have significant contribution to the maximum pullout load. On the basis of this, it can be concluded that if the fibre is fully deformed and straightened, it seems that the fibres with a shorter embedded length (10 mm) can be used to obtain the same efficiency as fibres with a larger embedded length (15 or 30 mm). This was also confirmed from the results of average and equivalent bond strength in Table 3 . Although the bond strength is drastically enhanced by W/B ratio, the increase in fibre embedment length remarkably decreases both the average and equivalent strength. In addition, there is nearly no significant increase in the maximum pullout load relative to the increase in embedded length which leads to decrease the bond strength. It seems that the maximum pullout load significantly influenced by the plastic deformation of the fibre hook and increase the embedded length only enhances the frictional pullout stage. Table 4 also summarizes the key parameters of pullout behaviour of all series of tests performed in this study. It can be observed that the maximum fibre stress of the 3DH1 fibres is somewhat higher than that generated by the 3DH2 fibres. On the other hand, although reducing W/B ratio particularly from 0.25 to 0.15 considerably enhances the fibres stress-slip behaviour, the increase in embedded length has no remarkable effect on the maximum fibre stress. It is noteworthy from Table 4 that for the matrix with 0.20 W/B ratio the increase in embedded length of both types of fibres did not improve fibre stress and the values of the maximum fibre stress is found to be very similar.
In comparing the pullout behaviour of 3DH1 fibre with an embedded length of 10 mm (Fig. 6a) with that of 15 mm (Fig. 6b) embedded length, no clear difference is observed, particularly, for the matrix of W/B ratio of 0.20 or 0.25.
Similarly the 3DH2 fibre showed that the increase in the embedded length from 10 to 30 mm slightly enhancing the maximum fibre stress (Fig. 7) . This leads to the conclusion that the increase in fibre embedment length after specific limit which is 10 mm in this study does not contribute to maximum fibre stress but only improve the total pullout work. Although many studies reported that increase the embedded length of straight fibres can develop higher tensile stresses during pullout, it appears not to be the case for hooked-end steel fibres (Markovic 2006) . Since the embedded length of 10 mm seems to be enough for achieving the full deformation and straightening of the hook, an increase of embedded length is no longer play an important role for maximum fibre stress. This behaviour was also confirmed from the results (Table 4 ) of the fibre efficiency ratio (r max /f y ), which represents the maximum tensile stress induced during pullout, r max over the fibre tensile strength, f y . A slight difference is also observed between the values of (r max /f y ) ratio when the embedded length increases. Although the increase in embedded length slightly increases the maximum tensile stress induced by fibres, both types of fibres embedded in the matrix with 0.20 W/B showed the same value of (r max /f y ) ratio even with embedded length increases from 10 to 15 and 30 mm. These results strongly proved that the end hook of fibres with embedded length of 10 mm can be fully deformed and straightened, and any increase in the embedded length does not affect much the pullout behaviour.
Microscopic Observations (SEM-Scanning
Electron Microscopy) Figure 10a shows SEM images of the steel fibre-matrix interface of the UHPM1 mixture (W/B = 0.15). It can be seen from this figure that the particle dispersion and packing density at fibre-matrix interface is well-developed in the UHPM1 matrix. This is mainly due to the low W/B and pozzolanic reactions between silica fume and calcium hydroxide (CH), which consumes most of the CH crystals and transforms them to C-S-H Chan and Chu 2004) . The densification of microstructures in the ITZ due to congestion of the hydration products significantly enhances the bond properties between fibre and matrix. (Lee and Jacobsen 2011) found that mortar with 0.3 W/B had higher debonding loads and fracture energies than that of the 0.5 W/B. It has been reported that the incorporation of silica fume can effectively improve the interfacial bond by reducing the porosity, refining the pores, and increasing the density and content of the C-S-H (Zeng et al. 2012; AbuLebdeh et al. 2011) . Also, the lower the porosity, the higher is the particle packing density in the ITZ and bulk the matrix.
Thus, a higher content of the cement hydration products such as C-S-H which are important to enhance the microstructure and microhardness of the ITZ, resulting in improves the transmission of stress between the fibre and matrix (Wu et al. 2016) . Figure 10b shows the SEM images of the fibre-matrix interface of the UHPM2 mixture (W/B = 0.20). It can be observed from this figure that some pores are formed in the ITZ. A according to (Lee and Jacobsen 2011) , although the incorporation of 10% silica fume has a positive effect on the fracture and compressive energies, the improvement in debonding loads was not observed. They revealed that if silica fume particle is not dispersed properly in the mortar, an increased amount of C-S-H through the pozzolanic reaction cannot be achieved, regardless of W/B. With further increase in W/B from 0.20 to 0.25, a numerous small and large pores were observed which have formed along the ITZ (Fig. 10c) . Basically, higher water content is responsible for forming the pores, ultimately leads to decrease the bond strength of the UHPM3 mixture significantly. (Wu et al. 2016 ) has also observed a large porous zone located within 50 mm from the fibre edge for UHPM with 0.18 W/B. This weak zone could significantly reduce the contact surface area between fibre and matrix. These facts may help to explain the relatively lower pull out load and total pull-out work of the matrix with 0.25 W/B ratio compared with 0.15 W/B.
Mechanical Anchorage Contribution of the End Hook to Pullout Behaviour
To get better understanding of the contribution provided by the end hook to pullout behaviour, a quantitative account for hook mechanisms has been adopted. This follows that the proposed procedure is mainly dependent on the measured hook lengths which are approximately 4.78 and 5 mm for the 3DH1 and 3DH2 fibres respectively ( Table 2) . As can be seen from Fig. 11 , the end hook contribution is nearly being finished at 4.78 mm for the 3DH1 fibre and 5 mm for the 3DH2 fibre, which corresponds to decay of pullout load due to complete deformation and straightening of the end hook. Consecutively, the friction resistance contribution initiates and continues until fibres completely pullout. On the other hand, while test results revealed that the debonding process finishes at fibre slips up to less than 0.1 mm; its contribution to total pullout work is found to be lower than 1% for all fibres series. Therefore, the contribution due to debonding process can be neglected. This procedure Fig. 9 Image shows the comparison between 3DH1 and 3DH2 fibres after pullout. provides basic information about the effects of the parameters such as W/B ratio, diameter, embedded length and tensile strength of fibres on pullout behaviour. The percentage contribution of the end hook and frictional resistance on the total pullout work is summarized in Table 5 . From the experimental results of the both types of hooked fibres (Table 5) , it can be observed that as the embedded length of fibre increases, the percentage of hook contribution in terms of total pullout work dramatically decreases. Although the percentage of hook contribution with embedded length of 10 mm is significantly higher than that of the frictional resistance, the increase in embedded length especially of the 3DH2 fibres drastically increase the contribution percentage of frictional resistance. The increase of embedded length of the 3DH1 fibres from 10 to 15 mm leads to slight decrease in the hook contribution, while for the 3DH2 fibres the increase in embedded length from 10 to 30 mm results in a sharp decrease in hook contribution up to half of that in case of 10 mm embedded length. This can be attributed to large surface area of fibre in contact with surrounding matrix which increases the frictional resistance to pullout. Based on experimental results, it appears that the embedded length has a greater effect on total pullout work than maximum pullout load. 
Difference in the Pullout Behaviour of Two Hooked End Fibres
The observed pullout load-slip curves of hooked end steel fibres embedded in UHPM is generally characterised by a steady increase up to peak load as a result of the combination of two mechanisms which are: detachment of the fibre-matrix bond and mechanical anchorage of the end hook. Once the fibre-matrix bond is fully detached, two plastic hinges of the fibre hook undergo cold work causing deformation and bending of the end hook (Alwan et al. 1999) , in Fig. 12 , the two plastic hinges are identified as 1 and 2. As a result of deformation and slippage of the first plastic hinge a sharp decrease in pullout load takes place. Nevertheless, initial increase in pullout load can be observed due to the progressive deformation of the second plastic hinge in conjunction with straightening of the end hook. The last stage of the pullout will occur under sliding friction until complete pullout of fibre from the mortar matrix.
The comparison of the pullout behaviour between the two hooked end fibres shows that the maximum pullout load of the 3DH2 fibres is approximately more than two times that of the 3DH1 fibres for all W/B ratios. Moreover, the total pullout work of the 3DH2 fibres embedded up to half fibre length (L E = 30 mm) is roughly five times that the 3DH1 fibres (L E = 15 mm). It is believed that the reason for the enhanced pullout work is due to the increased embedded length which leads to large surface area of fibre in contact with surrounding matrix. Note that the embedded length of the 3DH2 fibre (L E = 30 mm) is two times that of the 3DH1 fibre (L E = 15 mm), to allow fair comparison an embedment length of 10 mm for both types of fibres is considered here. The pullout work of the 3DH2 fibre is also approximately three times greater than that of the 3DH1 fibre. This may be attributed to the fibre diameter that increases the bending stiffness of fibre hook, because more energy is required during the pullout process.
On the other hand, although the decrease in W/B ratio has positive effect for both types of fibres, this effect is more pronounced for the 3DH2 (diameter of 0.9 mm) than that of the 3DH1 (diameter of 0.55 mm) fibre. The reduction of W/B ratio from 0.25 to 0.15 leads to increases in maximum pullout load of the 3DH2 is 38.88%, which is approximately more than two times that achieved by the 3DH1 fibres (16.75%). These results suggest that the fibre with larger diameter is considerably influenced by enhancing fibre-matrix interfacial properties than that with smaller diameter.
For the fibre stress-slip, the induced stress in the 3DH1 fibres which have smaller fibre diameter (d f = 0.55), is higher than that of the 3DH2 fibres with (d f = 0.90) (Fig. 12) . This may be due to the larger cross-sectional area of the 3DH2 fibre which is approximately 2.6 times greater than that of the 3DH1 fibre. The maximum tensile stress induced in the 3DH1 fibres with the embedded length of 10 mm is higher by 21.68, 22.11 and 44.52% than those in the 3DH2 fibres for 0.15, 0.20 and 0.25 W/B ratio, respectively. Despite the fact that the tensile strength of the 3DH1 fibres (f y = 1345 MPa) is higher than that of the 3DH2 fibres (f y = 1160 MPa), a slight difference in the values of (r max /f y ) ratio were observed. This indicates that the 3DH2 and 3DH1 fibres have somewhat similar efficiency in the utilization of tensile strength capacity.
Conclusions
The effect of W/B ratio of ultra-high performance mortar on pullout behaviour of two types of hooked end steel fibres has been investigated. Based on experimental results, the following conclusions can be drawn:
1. The maximum pullout load of the 3DH2 fibres was more than two times that of the 3DH1 fibres. In addition, in case of the same embedded length the total pullout work of the 3DH2 fibres was about three times that of the 3DH1 fibres. 2. For the same fibre geometry, an increase in embedded length had no appreciable effect on the maximum pullout load but resulted in a slight improvement in the total pullout work due to larger surface area of fibre in contact with surrounding matrix. The little effect of fibre embedded length on bond properties is due to very limited difference in length and significant mechanical anchorage associated with hooked end. 3. The decrease in W/B ratio from 0.2 to 0.15 had a significant effect on the overall pullout behaviour. However, no remarkable contribution could be observed when W/B ratio decreased from 0.25 to 0.20. The hooked end fibres with larger diameter would be a better choice with lower W/B ratio. 4. For the same embedded length, the equivalent bond strength of the 3DH2 fibres was approximately two times greater than that of the 3DH1 fibres for all series. 5. Though the tensile strength of the 3DH1 fibres was higher by 16% than that of the 3DH2 fibres, both fibres showed similar efficiency of utilising its tensile stress capacity. The mechanical contribution of the 3DH2 fibres would be highly effective if the fibre tensile strength can be increased.
